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1. Introduction

A novel pyrene-substituted thioethyl-porphyrazine (PzPy) and the

formation of supramolecular assembly with nanocarbons demonstrating
photoinduced electron transfer ability are designed. As revealed by
spectroscopic and electrochemical studies, PzPy displays wide spectral
absorption in the visible range, charge separation upon photoexcitation, as
well as bandgap and highest occupied/lowest unoccupied molecular orbital
(HOMO/LUMO) energy values, matching the key requirements of organic
optoelectronic. Moreover, the presence of a pyrene moiety promotes
attractive interactions with 7-conjugated systems. In particular, theoretical

The growing interest toward the develop-
ment of new materials and technologies
for optoelectronic application has fueled
the research in organic materials due
to their low-cost high-throughput film
manufacturing by  solution-processed
techniques (spin casting, inkjet printing,
roll-to-roll, and large-area deposition
processes).l'3l  Moreover, organic films

calculations show that in the PzPy the HOMO and LUMO are localized on
different positions of the molecule, i.e., the HOMO on the pyrene moiety
and the LUMO on the macrocycle. Therefore, HOMO-LUMO excitation
gives rise to a charge separation, preventing excitons recombination. Two
kinds of noncovalent hybrid composites are prepared by mixing the PzPy
with single-wall carbon nanotubes (SWNTs) and graphene nanoflakes
(GNFs), respectively, and used for photocurrent generation through charge
transfer processes between PzPy and nanocarbons. Photoconduction
experiments show photocurrent generation upon visible light irradiation
of both PzPy/SWNT and PzPy/GNF composites (0.78 and 0.71 mA W' at
500 nm, respectively), demonstrating their suitability for optoelectronic

often features low-weight and high-flex-
ibility, which are of interest in view of
both scaling up prospective and device
integrations, respectively.'™!  Typically,
photoactive organic films are based on
electron  donor-acceptor interactions,
where photoexcitation of the donor pro-
motes a charge separation accompanied
by an electron transfer to the acceptor spe-
cies.>7I The donors are usually semicon-
ducting poly-aryl®’l and poly-heteroaryll®!
polymers or small molecules,?% dis-
playing high molar extinction coefficients

applications and light harvesting systems.

€ (>10* Mt cm™).131 The acceptor sys-
tems are, instead, usually based on carbon
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nanomaterials.'"l In particular, fullerene derivatives such as
[6,6]-phenyl-Cg-butyric acid methyl ester (PCBM) have been
widely used for this purpose.”l More recently, carbon nano-
tubes (CNTs) have also been reported as acceptors,*1% and
the use of graphene is rapidly raising too.l'®2!l In particular,
single-wall carbon nanotubes (SWNTs) have been proposed as
acceptor material since they possess nanoscale diameter and
large aspect ratio in combination with favorable electrical trans-
port properties.'*1° Furthermore, SWNTs show unique optoe-
lectronic properties, electrochemical stability, and energy levels
that can be suitably coupled to those of conjugated polymers
with long-range charge transport properties to make efficient
composites for optoelectronic devices.'” Similarly, graphene
has high electron and hole mobility at room temperature, with
reported values exceeding 15 000 cm? V! s71.20-221 Graphene
is also electrochemically stable, with a very high specific sur-
face area (=2630 m? g™!), surpassing that of both SWNTs and
graphite.?*?*l Moreover, graphene has an optical transmit-
tance over the visible range of 97.7%,1%°! and its work function
(=4.5 eV)2l can be matched to the energy levels of organic
donor materials.’?l Moving from these motivations, both
SWNTs and functionalized graphene have been used as elec-
tron acceptors in combination with conjugated polymer donors,
such as poly(3-octylthiophene), or poly(p-phenylenevinylenes),
and poly(3-hexylthiophene),[141927.28] especially in organic bulk
heterojunction (BH]J) solar cell devices.[!’]

Among the nonpolymeric donors a prominent role is occu-
pied by tetrapyrrole macrocycles such as porphyrins?’l and
phthalocyanines,?*3% which, since the first organic solar cell
reported by Tang in 1986 based on Cu-phthalocyanine,*! have
been widely used as p-type photoelectron donor dyes trans-
ferring charges to an n-type acceptor system.3?-] Recently,
photoactive hybrid materials constituted by a tetrapyrrolic
macrocycle donor linked to a nanocarbon acceptor (e.g.,
CNTs) have been reported,3%3637] with the linkage occurring
by either covalent bondingl*®*! or supramolecular inter-
actions with the CNT surface.**%2 The latter is the most
promising approach, avoiding chemical modification of the
CNT surface, which determines a modification of the CNT
sp? network and, consequently, of its electronic structure.[®3]
Noncovalent interactions between the tetrapyrrole dye and
the CNT are usually mediated by pyrene units, which interact
with the aromatic surface of the nanocarbon through n-r
stacking bonding.[P1°%545¢ Notably, in the existing literature
the pyrene is not directly linked to the macrocycle, but it is,
instead, linked through an alkyl chain spacer®**! or benzo-
fused to the macrocycle itself.[®? Recently, photoactive hybrid
materials composed by porphyrins and phthalocyanines with
graphenel®7% and its derivatives (e.g., graphene oxidel’!l
and reduced graphene oxidel’273]) have also been described.
In some of these examples,!®4-%¢ the supramolecular interac-
tions between the macrocycle and graphenel’* are mediated
by the presence of a pyrene unit linked to the macrocycle
through an alkyl chain spacer. These results highlight the fact
that nanoassemblies of tetrapyrroles with either CNTs or gra-
phene represent promising materials for the development of
novel optoelectronic devices.

Seeking for new types of tetrapyrrole donors, there is a
huge potential in porphyrazines,”>7% which can be considered

Adv. Funct. Mater. 2018, 28, 1705418

1705418 (2 of 17)

as structural hybrids of porphyrins and phthalocyanines, but
have never been investigated for photocurrent generation so
far. In particular, thioalkyl porphyrazines, having thioethe-
real moieties at the B-position of the macrocycle, are rather
interesting. In fact, the presence of sulfur atoms imparts out-
standing optical and electrochemical properties”’-#3 to these
compounds, promoting coordination sites out and above the
molecular plane and favoring the presence of columnar dis-
cotic liquid-crystalline mesophases.’’-8% This is a relevant
feature because highly ordered materials such as liquid crys-
tals assist both exciton and charge carrier mobilities.[-84-8¢]
One of the key research effort in optoelectronic devices is
devoted to increase the spectral response of the photoac-
tive layer, obtaining panchromatic light absorbers, which
can be ideal candidates for both photodetecting and energy
harvesting applications. In the UV-visible light range por-
phyrins and phthalocyanines display narrow and strong
(€ = 3-6 x 10° M~! cm™) absorption bands at about 400 and
680 nm, respectively, but only 10% of the overall absorp-
tion lies in the 450-600 nm range, where the solar emission
reaches its maximum.?>#”l On the contrary, the absorption
spectrum of thioalkyl porphyrazines displays bands having
lower € (=1-5 x 10* m~! cm™), but being much wider in the
300-800 nm range.’®! A higher total absorbance then results
in the wavelength range corresponding to the maximum of
the solar emission spectrum. 818889

Recently, some of us prepared several aryl- and arylethynyl-
substituted thioalkyl-porphyrazines, in which both electron-
donating and electron-withdrawing groups strongly perturbed
the molecular charge distribution.®¥ Computational density
functional theory (DFT) and time-dependent density func-
tional theory (TDDFT) studies indicated that while in sym-
metrical porphyrazines both the highest occupied molecular
orbital (HOMO) and the lowest unoccupied molecular orbital
(LUMO) are localized on the macrocycle, in compounds with
electron-donating groups the HOMO is localized on the aryl
substituent and LUMO on the macrocycle, while the opposite
holds in the presence of electron-withdrawing groups.® In
the aryl- and arylethynyl-substituted systems, the macrocycle
then displays an ambivalent character, behaving both as elec-
tron acceptor and electron donator depending on the substit-
uents, giving rise to an unconventional “push—pull” system
suitable for nonlinear optics.’” These features can also play
a relevant role in photoactive materials because the presence
of charge transfer HOMO-LUMO transitions and the location
of these orbitals on different moieties of the molecules can,
in principle, hinder exciton recombination enhancing its life-
time, making these compounds promising electron donors.
Moreover, all these aryl- and arylethynyl-substituted porphy-
razines show HOMO and HOMO-LUMO bandgap energies
compatible with nanocarbons as acceptors.!]

Taking into account the charge transfer properties of
these compounds and the possibility to functionalize the
porphyrazine macrocycles, we designed and prepared
a novel pyrene-substituted thioalkyl-porphyrazine PzPy
(Scheme 1) to be exploited for photocurrent generation.
In this compound, a macrocycle, which is a strong light
absorber, and a pyrene unit, which is able to interact with
the nanocarbons, are present simultaneously. Moreover,
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Scheme 1. Synthesis of pyrene-substituted thioethyl-porphyrazine PzPy.

the direct bond between the macrocycle and pyrene moie-
ties can, in principle, allow an electron exchange between
them, promoting a charge separation upon photoexcitation
likewise the above-mentioned aryl-substituted porphyra-
zines.83 For these reasons, this compound is particularly
suited for the formation of nanohybrids with CNTs and gra-
phene. The preparation of PzPy/nanocarbon hybrids, the
study of the supramolecular interactions within the com-
posites, and the results of photoconduction experiments are
reported herein. We prepared and fully characterized two
different noncovalent hybrid composites by mixing the PzPy
with either SWNTs or graphene nanoflakes (GNFs). We have
then fabricated photodetectors, which show photocurrent
generation upon visible light irradiation reaching 0.78 and
0.71 mA W=! at 500 nm, for PzPy/SWNT and PzPy/GNF
composites, respectively. To the best of our knowledge, these
systems are the first example of hybrid composed by nano-
carbons and alkyl porphyrazines and the first case in which
graphene and pyrene-substituted tetrapyrroles nanohybrids
are used to assemble photoactive devices. In fact, the only
two examples reported in literature so far concern the use of
graphene and phthalocyanine poly(p-phenylene vinylene oli-
gomers,1°7% contrary to our case in which single molecules
of tetrapyrrole are used. Moreover, the use of graphene as
electron acceptor in tetrapyrrole-based optoelectronics rep-
resents a breakthrough for the development of novel organic
optoelectronic devices.
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2. Results and Discussion
2.1. Synthesis and Structural Characterization

The pyrene-substituted thioethyl porphyrazine PzPy is pre-
pared in a three-step procedure starting from the parent sym-
metrically substituted thioethyl porphyrazine 1 (Scheme 1).°%
The first step is a hydrogen replacement of one alkylsulfanyl
tail leading to the nonsymmetrical B-H-substituted porphy-
razine 2.8 Such approach affords a very clean reaction, easy
purification procedures, yielding a nonsymmetrically substi-
tuted product. The subsequent bromination of 2 leads to the
bromo derivative 3,82 which, through Pd-catalyzed Suzukil®**
coupling reaction,”*83 provides the pyrene-substituted thioe-
thyl porphyrazine PzPy in 45% yield.

Supramolecular interactions between aromatic systems
and nanocarbons are usually determined by noncovalent 7w
interactions!®®! which, being highly directional,®® are strictly
dependent on shape and mutual orientation of the interacting
molecules. Therefore, PzPy is fully characterized for its struc-
tural, conformational, and stereochemical features. The PzPy
stereochemical aspects are particularly interesting because in
this molecule hindered rotation around the pyrene-macrocycle
bond is expected to induce a twist of the pyrene moiety from
the porphyrazine plane and then the presence of atropisom-
erism. This structural feature is relevant for the possible inter-
actions with SWNTs. In fact, the presence of an axially chiral

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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(65°)

conformer 1
(57°)

Figure 1. Computed (DFT/M06/6-311G(d,p)/CH,Cl,) most stable conformers of PzPy.

structure in PzPy could favor the interaction with semicon-
ducting chiral CNTs, which are known to be optically resolved
by chiral biaryls and bis-porphyrins.’”’192 Besides, the PzPy-
twisted arrangement should not impair the interaction with the
2D graphene structure, given that attractive arene—arene inter-
actions are often edge-to-face and offset stacked rather than
face-to-face stacked.[103:104

Density functional theory computations at M06/6-311G(d,p)
level of theory, taking into account the solvent environment
by IEFPCM solvation model,[1%1%! clearly revealed the twist
of the pyrene ring in the two most stable conformers, having
a dihedral angle of 57° and 65° between the pyrene and mac-
rocycle, respectively (see Figure 1 and Table S1 in the Sup-
porting Information). An arene-arene rotational barrier of
23.44 kcal mol™ was also calculated. Experimental measure-
ments by variable temperature nuclear magnetic resonance
(NMR) and variable temperature high-performance liquid chro-
matography (HPLC) analyses!'-1% provided a rotational bar-
rier of 22.0 £ 0.1 kcal mol 1,119 i e., lower than that obtained by
calculations, a value which does not allow isolation of the single
enantiomers at room temperature.''112l However, even if PzPy
cannot be isolated in its enantiomeric forms at room temper-
ature, its molecular axial chirality is nevertheless important
because it can also favor the interaction with semiconducting
racemic chiral nanotubes.

2.2. Spectroscopic and Electrochemical Study

The electronic properties of PzPy are investigated by experi-
mental and theoretical analyses of its UV-vis spectrum. In
Figure 2 is reported the experimental UV-vis spectrum of PzPy
in CH,Cl, together with those of the parent porphyrazine 1 and
of 1-pyrene boronic acid, taken as a model of unconjugated
pyrene chromophore. The UV-vis spectrum of PzPy shows the
typical features of nonaggregated “free-base” thioalkyl-porphyra-
zines, displaying a Q,(0, 0) band at 709 nm (14 104 cm 1) and
a broad Q,(0, 0) band at 640 nm (15 625 cm™),®) a Soret band
near 350 nm (28 571 cm™),8% and in between a band at 513 nm
(19 493 cm™) associated with ngyg, — 7* transitions. 838889
Moreover, an absorption band peaked at 277 nm (44 052 cm™),
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corresponding to one of the typical bands of
the pyrene chromophore,!'>114 ig clearly vis-
ible. Such band is allied to a long-axis polar-
ized pyrene transition and the fact that it
appears less resolved than in unconjugated
pyrene indicates an electronic connection
between the two aromatic moieties.l''3 The
spectral comparison with the parent unsub-
stituted porphyrazine 1 (Figure 2) evidences
a marked increase of the Soret band, which
cannot be simply ascribed to a contribution
of the underneath characteristic pyrene fea-
tures located at 330 and 345 nm (30 303 and
28 985 cm™}),I!13] which are far less intense,
but can be associated with intramolecular
delocalization.[!3]

To get further insight into the electronic
structure of PzPy, a TDDFT computational
investigation is carried out to provide an interpretation of
the UV-vis spectral features. The UV-vis computed spec-
trum at the M06/6-311G(d,p)/CH,Cl, level of theory in the
23 500-12 500 cm™' (435-800 nm) range is characterized by
12 transitions Sp — S, (n = 1, 12) in the case of conformers
1 and 2 (Figure 1). Conformer 2 shows transitions hypsoch-
romically shifted compared to conformer 1 (see Figure 3).
Figure 4 reports the main molecular orbital (MO) levels
composition and the corresponding orbital energies for con-
former 1, while a full interpretation of the MO’s electronic
transitions allied to the main spectral features is reported
in the Supporting Information. As inferred from Table S3
in the Supporting Information, almost all the transitions
have multideterminant character with at least two configura-
tions contributing to their composition. As a general trend,
all the transitions in the aforementioned range are gener-
ated by excitations between occupied orbitals in the range

20 T ¥ T s T b T : T LS

Normalized absorbance

400 500 600 700 800
Wavelength (nm)

Figure 2. Experimental (CH,Cl,) UV-vis spectra for PzPy (solid line),
porphyrazine 1 (dashed line), and 1-pyrene boronic acid (dotted line).
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Figure 3. TD-DFT Kohn-Sham first 75 singlet states computed at the
MO06/6-311G(d,p)/CH,Cl, level of theory for conformers 1 and 2 (blue
and red sticks, respectively); continuous line: UV-vis PzPy spectrum in
CH,Cl,. Inset: Singlet states in the 23 500-12 500 cm™' (425-800 nm)
range for conformer 1. Energies of the transitions in the inset have been
bathochromically shifted by 0.077 eV (621 cm™'). Shaded areas have the
same coloring as shaded areas on the occupied MO levels involved in the
transitions shown in Figure 4. All reported excitations encompass LUMO
and LUMO+1 (“pale red” shaded same as Figure 4) and their composi-
tion is detailed in Table S3 in the Supporting Information.

-1.50 |

-2.50 |

-3.50 |

DFT Orbital Energy (eV)

-5.50 |

-6.50 |

7.50 *“

HOMO-HOMO-5 and empty ones LUMO and LUMO+1,
these two being localized on the porphyrazine core. In par-
ticular, S; and S, involve excitations from HOMO to LUMO
and LUMO+1. The composition of these three MO levels gives
to the transitions a well-defined charge transfer (pyrene —
porphyrazine) character. This process, which determines upon
excitation the separation of electrons and holes on different
parts of the molecule, can be relevant for both the exciton for-
mation and lifetime. The presence of charge transfer HOMO-
LUMO transitions and the location of these orbitals on dif-
ferent moieties of the molecules, reducing the kinetics of the
radiative relaxation processes, prevent exciton recombination,
thus making this compound promising dye as photoactive
material for optoelectronics.

The UV-vis spectrum of PzPy is also recorded in dimethyl-
formamide (DMF) (Figure S5 in the Supporting Information),
the solvent chosen for the preparation of nanocomposites with
SWNTs and GNFs. The spectrum recorded in anhydrous DMF
is markedly different from the one in CH,Cl,, rather closely
resembling that of a thioalkyl porphyrazine metal complexI®’]
with a single Q band located at 665 nm (15 037 cm™) (Figure S6
in the Supporting Information). This effect, also observed in
substituted phthalocyanines,P>11>11¢l can be ascribed to a
deprotonation of the macrocycle inner cavity which produces

-1.98

HOMO

Figure 4. DFT Kohn-Sham orbital energies at the M06/6-311G(d,p)/CH,Cl, level of theory involving the excitations contributing to the states in the
23 000-12 500 cm™' (435-800 nm) range computed for conformer 1 of PzPy. Shaded areas have the same coloring as the transitions in the spectrum
of Figure 3, inset, indicating the MOs from where transitions start. Surface contours are drawn at 0.02(e au™)'/2.
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Figure 5. Cyclic voltammogramm and differential pulse voltammo-
gramms of PzPy in CH,Cl,.

more symmetric anionic structures having Dy, symmetry like
the metal complexes.[''”] This is also confirmed by basic titra-
tion of phthalocyanines, which shows a pH-dependent transi-
tion from the typical “free-base” UV-vis spectrum to that of
mono- and dianionic species, both identical to those of the
corresponding metal complexes.''®11] Contrary to what is
reported in literature,’>”) our understanding is that the mac-
rocycle deprotonation cannot be ascribed to DMF, which is not
basic enough (pKj, 15.2)12% to remove the inner pyrrolic protons
(pK, 12.5),118191 byt to dimethylamine traces (pKj 3.27)12l
usually present as impurities in commercial DMF.[1?2 Experi-
mental and computational studies reported in the Supporting
Information further confirmed such hypothesis. Notably, a
typical “free-base” UV-vis spectrum, similar to that obtained
in CH,Cl,, is instead observed in nonanhydrous DMF (Figure
S5 in the Supporting Information), where the water present in
the solvent competes as acid with the porphyrazine in the acid—
base equilibrium with the amine. In summary, the shape of the
PzPy UV-vis spectrum in DMF depends on the water content
of the solvent: a complex-like spectrum appears in anhydrous
DMF, while a spectrum due to superimposition of anionic and
“free-base” species appears in a wet solvent, as demonstrated by

the presence of three isosbestic points at 446, 620, and 690 nm
(Figure S5 in the Supporting Information).!

The cyclic voltammetry (CV) and differential pulse volta-
mmetry (DPV) measurements of PzPy in CH,Cl, are reported
in Figure 5 and the electrochemical data for both solvents are
collected in Table 1. The redox behavior of PzPy appears as the
typical one of thioalkyl-porphyrazines. In fact, two sequential
one-electron reduction processes are present in the cathodic
region, which can be assigned to the formation of a porphyrazine
m-anion radical and a porphyrazine dianion, respectively.[83123124
The redox processes in CH,Cl, are characterized by a cathodic
peak and its anodic counterpart displaying half-wave potentials
Eip(AE,) = <0.900 V (0.096) and Fy,(AE,) = — 1.232 (0.095)
(vs Fc/Fc*, used as internal standard), respectively. Both pro-
cesses can be considered as quasireversible because the condi-
tions for the reversibility are not rigorously fulfilled (as inferred
from AE, = |E, — E| values). Furthermore, CV of compound
PzPy shows a quasireversible oxidation wave with FEj,(AE,) =
+0.657 V (0.108) (vs Fc/Fc*). HOMO and LUMO energies
obtained from electrochemical data are reported in Table 1,
by assuming the energy level of ferrocene/ferrocenium
at —4.8 eV.1%1271 The HOMO energies are also estimated
according to a recent procedure, taking into account solvation
and electrode surface effects.'?] As inferred from the electro-
chemical data in DMF (Table 1), strong anodic shifts for all the
potential values with respect to CH,Cl, are observed. In this
case, it must be recalled that the potential values can be affected
not only by the solvent but also by the presence of anionic spe-
cies together with the “free base” porphyrazine (vide supra).
However, these factors are expected to have a minor influence
because only small potential changes are observed retaining
electrochemical data in both anhydrous and not anhydrous
DMEF. Notably, the HOMO and LUMO energy values make
PzPy suitable for fabrication of BH]J cells with nanocarbons as
acceptors. In fact, with acceptors such as PCBM, SWNT, and
graphene, having work functions?6129-131] in the —4.3 to 4.9 eV
range, donors with HOMO energy values lower than —5.20 eV
and a bandgap energy range of 1.30-1.80 eV are required.['3?

The DFT-computed values for the HOMO and LUMO ener-
gies at the M06/6-311G(d,p) level of theory in CH,Cl, are —5.85
and —3.48 eV, respectively, and —5.87 and —3.50 eV in DMF.
These data are in good agreement with values calculated from
experimental ones. Notably, the HOMO-LUMO transition also
retains a charge transfer character in DMF (see Figure S9 in

Table 1. Summary of the peak potentials of PzPy E;, (AE, = |E, — E|) (volts vs Fc/Fc*).

Solvent? Technique Oxidation Reduction Enomo E.umo
| Il Experimental®  Experimental?  Computational)  Experimental® Computational®)
CH,Cl, (cv) 0.657 (0.108)  —0.900 (0.096)  —1.232 (0.095) —5.46 -5.52+£0.18 -5.85 -3.90 -3.48
(DPV) o« 0.648 —-0.902 -1.240 —5.45 -5.51+£0.18 -3.90
(DPV) eq 0.650 —0.896 -1.234 —5.45 -5.51+£0.18 -3.90
DMF @) n.d. ~0.738 (0.064)  ~1.130 (0.060) nd. nd. -5.87 ~4.06 -3.50
(DPV) o« 0.716 —-0.752 -1.152 -5.52 -5.60+£0.18 —4.05

AMeasured 107 m solution at a glassy carbon working electrode;

®Values (eV) referred to first oxidation and first reduction, and calculated assuming the energy level for

the ferrocene at —4.8 eV (see ref. [126]); 9Values (eV) obtained by the equation Eyomo =—(1.4 £ 0.1) X g X V¢, — (4.6 £ 0.08) (see ref. [128]); 9Computations in CH,Cl, and
DMF by PCM solvation model as described in the Experimental Section and at the M06/6-311G(d,p) level of theory; ©Anhydrous DMF solvent.
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the Supporting Information). The long-range corrected xc-func-
tional CAM-B3LYP gives values of —6.62 and —2.77 eV in CH,Cl,,
suggesting that the hypsochromic shift in the low energy part of
the absorption spectrum is due to a too large HOMO-LUMO
energy gap engendered by this xc-functional.

2.3. Hybrid PzPy/Nanocarbons

PzPy is used to prepare noncovalent bonded nanohybrid com-
posites with two classes of nanocarbons, SWNTs and graphene.
As described in the Experimental Section, commercially avail-
able SWNTs (diameter range of 0.7-1.1 nm) are characterized
and then dispersed in DMF, and subsequently mixed with PzPy
for the composites realization. DMF is preferred with respect to
N-methyl-2-pyrrolidone, one of the best solvent for the disper-
sion of nanocarbons,33134 for its lower boiling point (152 °C
vs 202 °C), which helps its removal by evaporation during the
device preparation.'® Raman spectroscopy is used for the
nanotubes structural characterization and to ascertain the
batch composition (see discussion in the Supporting Informa-
tion). The Raman analysis performed with an excitation wave-
length of 532 nm confirms that the SWNTs batch is composed,
at least, by a mixture of nanotubes, with chiralities (10,3),
(9,2), (7,6), and (7,5), which are resonant to 532 nm excitation
wavelength.[13¢]

Electron microscopy is used to study the interaction between
SWNTs and PzPy. Figure 6a reports a scanning electron micro-
scope (SEM) image taken on pristine SWNTs deposited onto a
Si/SiO, substrate. The SWNTs appear strongly entangled and

a)

forming bundles. By comparison, the PzPy/SWNT nanohybrid
(Figure 6¢) evidences an intermixed structure between the com-
posite materials. The transmission electron microscopy (TEM)
image of SWNTs in Figure 6b shows the presence of large
aggregates of nanotubes with length in the order of hundreds of
nanometers (see the Supporting Information for statistical anal-
ysis). The comparison with the TEM image of the nanohybrid
composite (Figure 6d) suggests the interaction between PzPy
and SWNTs. In fact, the nanotubes appear here debundled for
the effect of 77— interactions between the PzPy and the SWNT
sidewalls, which overcome nanotube-nanotube van der Waals
attraction.[¥”] In Figure 6d the presence of a molasses-type film
of PzPy covering the nanotubes is also clearly visible, further
confirming the expected strong supramolecular interactions
between the two materials.

To investigate more in details the PzPy/SWNT nanohybrid,
UV-vis—NIR absorption and fluorescence spectroscopies are per-
formed. The spectrum of the pristine SWNTs (Figure 7a) con-
firms the presence of different SWNT5 chiralities.l'% The steady-
state absorption spectroscopic measurements of PzPy/SWNT
nanocomposites show some diagnostic changes in the macro-
cycle absorption features upon nanotubes enrichment (Figure
7b). The SWNTs dispersion contributes to the increase in optical
density, especially in the blue region of the spectra, giving rise to
an increase of the 350 nm absorption, related to the porphyra-
zine Soret band, with respect to the Q bands. Moreover, a split-
ting and broadening of the Soret band is observed, revealing
interaction between the macrocycle and the added SWNT.[63%8]
Upon excitation, compound PzPy displays emission spectra
significantly more intense than 1, lacking the pyrene moiety.

Figure 6. Electron microscopy of SWNTs and PzPy/SWNT nanohybrid. SEM images of a) SWNTs and c) PzPy/SWNT nanohybrid deposited on a
Si/SiO, substrate. TEM images of b) SWNTs and d) PzPy/SWNT nanohybrid drop cast from a DMF solution on a lacey carbon TEM grid.
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Figure 7. UV-vis absorption spectra of DMF dispersions of a) SWNTs and b) PzPy/SWNT nanohybrids in DMF at various weight ratios (see the
Experimental Section). Emission spectra of PzPy/SWNT nanohybrids with excitation at ¢) 610 nm and d) 350 nm.

Analysis of emission spectra at two different excitation wave-
lengths clearly shows that addition of SWNTs to the porphyra-
zine dispersion gives rise to a strong quenching of the macro-
cycle fluorescence (Figure 7c,d). Exciting at 350 nm (Figure 7d),
the emission bands allied to the pyrene chromophore proportion-
ally decrease upon SWNT addition. On the contrary, at 610 nm
excitation wavelength (Figure 7c), the fluorescence ascribed to
the macrocycle immediately drops, completely quenching at a
1:1 PzPy/SWNT weight ratio. These effects suggest the occur-
rence of excited-state events such as electron transfer and energy
transfer,>>* which highlight the presence of a porphyrazine-
SWNT interaction. The preparation of nanocomposite of PzPy
with GNFs (PzPy/GNF) is also carried out. Graphene nanoflakes
are obtained by ultrasonication of pristine graphitel!*3138] and
centrifugation in DMF (see the Experimental Section for details).
The GNFs sample is characterized by Raman spectroscopy, a
fast and nondestructive technique used to identify number of
layers, defects, doping, disorder, and possible chemical modi-
fications.l'3%140] The Raman spectrum of the obtained GNFs
(Figure 8) shows the typical D, D’, G, and 2D bands of graphene.
See the Supporting Information for the physical description of
these Raman modes. The 2D peak position is at =2696 cm™!
and its full width at halfmaximum is =60 cm™. The I(2D)/I(G)
intensity ratio ranges from 0.6 to 0.7. This is consistent with the
samples being a combination of single-layer graphene and few-
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layer graphene flakes.l'*!] The Raman spectra show significant D
(=1345 cm™!) and D’ (=1615 cm™?) peaks intensity, with I(D)/I(G)
ranging from 0.9 to 1.3. This is attributed to the edges of sub-
micrometer flakes!'*? rather than to the presence of a large
amount of structural defects. Indeed, if a large amount of defects
were present in the basal plane of graphene the G (1582 cm™)
and D’ peak should merge into a broader band,!"*3! which is not
the case for the spectra of our dispersions.[14!]

The PzPy/GNF composites are prepared by mixing and stir-
ring the porphyrazine and the GNFs dispersions in DMF at
different weight ratios. The PzPy/GNF composite is studied by
electron microscopy. Figure 9a shows a SEM image of GNFs
deposited onto a Si/SiO, substrate: the GNFs cluster in stacks
forming a rather uniform film. When isolated, as in the TEM
image in Figure 9b, it is possible to evaluate their size distribu-
tion in lateral size peaking at 150 nm, see Figure S11 in the Sup-
porting Information for the statistical analysis. The SEM image
in Figure 9c and TEM image in Figure 9d provide an insight
into the morphology of the PzPy/GNF nanohybrid, where the
GNF appears as a PzPy scaffold uniformly distributed.

Comparison of the Raman spectra of the porphyrazine and
the graphene composite evidences a difference in the signal in
the 900-1100 cm™! range allied to the porphyrazine macrocycle
(Figure S10 in the Supporting Information). The comparison
with the pristine graphene shows that in the composite the
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Figure 8. Raman spectra and statistics of the GNF drop cast from a DMF dispersion onto a Si/SiO, substrate (excitation at A =532 nm).

I(D)/I(G) and [(D’)/I(G) ratios increases, indicating an incre-
ment of sp>-hybridized carbon atoms, which may be related
with the presence of the alkyl chains of the PzPy molecules.

The absorption spectra of the composites do not show any
appreciable changes with respect to the spectra of the indi-
vidual components (Figure 10b). In fact, maxima of the UV-vis
region for the PzPy/GNF DMF dispersions are identical with
the one of PzPy in DMF.

On the contrary, fluorescence experiments for PzPy/
GNF hybrid exciting at two different wavelengths show that,
increasing the graphene/porphyrazine ratio, the fluorescence of
the macrocycle is proportionally reduced. It reveals that in this
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case also an energy transfer process between the two species
occurs, confirming the hybrid formation (Figure 10c,d). These
quenching experiments show that in the hybrid with nanotubes
a more efficient energy transfer process occurs with respect to
the one with graphene. In fact, by comparison of Figures 7c and
10c it can be noticed that, while a complete emission quenching
is observed in a 1:1 PzPy/SWNT hybrid, a higher percentage of
GNFs with respect to the PzPy is necessary to obtain the same
effect. This suggests a stronger interaction between the PzPy
and SWNT with respect to that between PzPy and GNF. In fact,
the computed molecular conformations of the PzPy porphyra-
zine present a dihedral angle between the two aryl moieties,
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Figure 9. Electron microscopy of GNF and PzPy/GNF. SEM images of a) GNF and c) PzPy/GNF nanohybrid deposited on a Si/SiO, substrate. TEM
images of b) GNF and d) PzPy/GNF nanohybrid drop cast from a DMF dispersion on a lacey carbon TEM grid.

which makes the compound suitable to wrap the SWNT,
thus allowing m—m interactions with both the aromatic units
(Figure 11). A similar effect has recently been observed in
molecular dynamics simulation of interactions between SWNTs
and chiral binaphthyl dendrimers.'* On the contrary, the
planar structure of graphene prevents the simultaneous inter-
action of both the macrocycle and the pyrene moieties.

2.4. Photoconduction Experiments on PzPy Nanohybrids

To test the optoelectronics properties of the as-synthesized PzPy
nanohybrids and measure their photoconductivity under visible
light illumination, we fabricated photodetectors by depositing
films of the pristine PzPy, the composite PzPy/GNF, and PzPy/
SWNT on interdigitated gold electrodes through drop casting
method (see Device Fabrication and Measurement in the Exper-
imental Section). Pristine GNF and SWNT films were also
tested; however the resulting devices were electrically shortened
(resistance between 100 and 1000 ), thus yielding high dark
current densities without any photoresponse, therefore their
data are not reported in the following discussion.

The device architecture is depicted in Figure 12a. Under
monochromatic illumination at a wavelength of 500 nm (with
intensity of 0.39 mW cm™), the PzPy film shows a linear
photocurrent in the range 0-1 V, reaching 20 nA at 1 V bias
voltage. The PzPy/GNF device presents a higher photocur-
rent, with respect to the PzPy one, throughout the whole range
(Figure 12c). The I/V curve is linear between 0 and =0.4 V,
where a steep increase occurs, bringing the current up to 92 nA
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at 1 V. In the case of the PzPy/SWNT device, the overall I}V
curve shape is analogous but with a smaller current (13.5 nA
vs 18.0 nA) at a bias voltage of 0.2 V. The two curves cross
at 36.5 nA for 0.54 V. However, beyond 0.55 V, the current
increase up to 112 nA at 1.0 V. Concerning the responsivity
(Figure 12d), the photodetector with PzPy/GNF as active mate-
rial has a 2.6-, 3.5-, and 4.8-fold increase at 0.2, 0.6, and 1.0 V,
respectively, compared to pristine PzPy. The photodetector with
PzPy/SWNT instead has a 1.9-, 3.5-, and 5.7-fold increase at 0.2,
0.6, and 1.0 V, respectively, with respect to pristine PzPy. Under
chopped 1 Sun illumination, the PzPy/GNF device shows a
photocurrent around 2.5 pA at 1 V of applied DC bias.

The photodetectors show a flat spectral responsivity over all
the 400-750 nm visible range, with a 4- to 5-fold increase for
the PzPy/GNF with respect to PzPy. The maximum response
is observed toward the lowest wavelengths, reaching 0.23 and
0.80 mA W' for PzPy and PzPy/GNF-based devices, respectively.
By comparison with the absorbance measurement in Figure 2,
we note that the photoresponse spectrum of the PzPy compos-
ites has an analogous trend to the absorption one. The photo-
current is thus more intense at 400-450 nm (near to the Soret
band), at 470-500 nm (in correspondence to the ngyp, —> 7
transitions), at 630-650 nm (broad Q,0, 0) band absorp-
tion), and beyond 700 nm (Q,(0, 0) band). These observations,
together with the quenching of photoluminescence (Figures 7
and 10), are a signature of photoexcited charge transfer from the
PzPy molecule to the nanocarbons, as depicted in Figure 12b.
The transferred charges are then extracted thanks to the high
conductivity of the nanocarbon materials, yielding the enhanced
photoresponse with respect to the bare PzPy.[14>:140]
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Figure 10. UV-vis absorption spectra of DMF dispersions of a) GNF and b) PzPy/GNF nanohybrid at various weight ratios. Emission spectra of DMF
dispersions of PzPy/GNF nanohybrid at various weight ratios with excitation at ¢) 610 nm and d) 350 nm.

Transient currents under chopped 1 Sun illumination of
PzPy/GNF are also acquired with sampling period of 0.4 s and
light switching period of 5 s (Figure 13). After light illumina-
tion, the photocurrent is about 55% higher than before the
illumination and a reversible rise/decay of the photocurrent in
response to several on/off illumination cycles is observed, indi-
cating the photocurrent stability of the nanocomposite.

From a comparison between the two types of nanocarbons
used, it appears that the PzPy/GNF device has in general a
slightly lower photoresponse than the PzPy/SWNT one (0.71 vs
0.78 mA W at 500 nm). This can be explained considering
the favored m—rm interactions occurring between the SWNTs
and the aromatic units of the PzPy, as previously discussed

Figure 11. Molecular models of the PzPy/SWNT nanohybrid.
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and modeled in Figure 11. However, in our view, such a small
difference in performance is strongly offset by a much greater
flexibility in production, and processing that GNFs offer in com-
parison to the SWNTs. The GNFs are easier and more economic
when produced by liquid-phase exfoliation (LPE) even in large
volumes, 811 whereas SWNTs are costly ($1000 g™)!**8 and
the production is cumbersome, requiring further steps of puri-
fication and sortingl!3614915% to isolate the batch of nanotubes
with the desired properties. Therefore, a proof of principle of
the capability of graphene to act as electron acceptor and charge
transport component in PzPy-based photoactive nanohybrids
is significant. Although these nanohybrids do not match the
photocurrent values obtained by devices based on high-quality
CVD graphene,">1>2 or fully optimized organic detectors,'>]
the results are very promising if compared with the ones
obtained by other solution-processed photoconductors attaining
photocurrents on the order of 107 and 1072 mA W~1.[15415]

3. Conclusions

Noncovalent bonded nanohybrids composed by the novel
pyrene-substituted thioethyl-porphyrazine PzPy and SWN'Ts or
GNFs have been synthesized and used for photocurrent gen-
eration. The PzPy structure has been specifically designed to

(11 of 17) © 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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b) Energy level diagram of the materials and photodetector working principle, showing excitation by light in PzPy followed by electron transfer to
the nanocarbon acceptor and hole transfer to the metal electrode. c) Photocurrent in PzPy and PzPy nanohybrids under 500 nm light. d) Spectral

responsivity in PzPy and PzPy nanohybrids measured at 1 V.

finely tune the structural and electronic properties in order
to i) promote the noncovalent interactions with m-conjugated
nanocarbons, ii) enhance the spectral absorption in the vis-
ible range, iii) provide charge separation upon excitation, and
iv) obtain HOMO/LUMO energy values and bandgap suitable
to fit the requirements of donor materials. In particular, the
thioalkyl-porphyrazine core guarantees an intense absorption
in the 300-800 nm range and the presence of a pyrene moiety
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Figure 13. PzPy/GNF current response (at 1 V bias) to on/off cycles
under 1 Sun illumination.
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promotes n—7 attractive interactions with the nanocarbons. In
PzPy, the hindered rotation between the arene-arene bond
gives rise to a twist of the pyrene moiety from the porphyrazine
plane and, eventually, to chirality due to atropisomerism. This
is an important structural feature of PzPy given that molec-
ular chirality, which is a key factor in supramolecular interac-
tions®® and organic optoelectronics,'>’] is now emerging as
a relevant issue also for the development of photoactive mate-
rials.l'8-16% The presence of an axially chiral structure in PzPy
could in fact favor the interaction with semiconducting chiral
nanotubes. Spectroscopic and electrochemical measurements
together with TDDFT calculations provide an HOMO-LUMO
energy bandgap of 1.55 eV, which makes PzPy suitable as
absorber donor coupled with nanocarbons acceptors. Calcula-
tions show that HOMO and LUMO are localized on the pyrene
and the macrocycle moiety, respectively. This gives rise to a
charge separation upon HOMO-LUMO excitation, eventually
preventing charge recombination. SEM and TEM analyses elu-
cidated that in both hybrids the nanocarbons surface appeared
covered by a PzPy film and SWNTs debundling is observed
in the PzPy/SWNT composite. This is a clear signature that
m—7 interactions between PzPy and the SWNT sidewalls over-
come nanotube-nanotube van der Waals attraction. Emission
spectroscopy experiments have also shown a quench of PzPy
fluorescence upon addition of both SWNTs and GNFs, demon-
strating the occurrence of energy transfer processes. Measure-
ments of the PzPy/SWNT and PzPy/GNF nanocomposites
photoconductivity under visible light illumination have shown
a higher photocurrent generation for both PzPy/SWNT- and
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PzPy/GNF-based devices with respect to the one of pris-
tine PzPy. Moreover, the devices based on the hybrids PzPy/
nanocarbons have shown a spectral photoresponse 4- to 5-fold
higher than PzPy and peaked in agreement to the PzPy absorp-
tion features. This confirms the presence of photoexcited
charge transfer from the PzPy molecule to the nanocarbons.
Although the PzPy/GNF device has a slightly lower photore-
sponse than the PzPy/SWNT one, graphene presents several
advantages over SWNTS, in term of cost, preparation, process-
ability, and environmental compatibility. The presented results
open the way to the use of such hybrid materials in devices
such as photodiodes and solar cells, even on flexible substrates.

4. Experimental Section

General: Chemicals and solvents were of reagent grade (Aldrich).
Solvents were dried and distilled before use according to standard
procedures. Solvents used in physical measurements were of
spectroscopic or HPLC grade. Silica gel used for chromatography was
Merck Kieselgel 60 (70-230 mesh). Commercially available SWNTs
(carbon =90%, >77% as SWNT, 0.7 < d < 1.1 nm) (Aldrich, code no.
704121) were used for the nanohybrid preparation after structural
characterization as reported in the Supporting Information. Non-
anhydrous spectroscopic grade DMF was used as solvent for the
preparation of the composites of PzPy with SWNTs and GNFs. "H-NMR
spectra were recorded on a 400, 500, or 600 MHz Varian spectrometer
with SiMe, as internal standard. IR spectra were recorded using KBr
disks on a JASCO J460 FT-IR spectrometer. Mass spectra were acquired
in positive reflectron mode at 20 kV using Ettan MALDI-TOF Pro mass
spectrometer (Amersham Biosciences) equipped with a UV nitrogen
laser (337 nm) with delayed extraction mode and low mass rejection.
For each spectrum 256 single shots were accumulated. Spectra were
externally calibrated using two standard peptides (ile-Ang IIl, M+H
897.531 and hACTH 18-39, M+H 2465.199, monoisotopics). The
matrix was prepared by mixing 1% w/v alpha-cyano-4-hydroxy-cinnamic
acid solution, 50% acetonitrile v/v, and 0.5% v/v trifluoroacetic acid.
Samples for mass spectrometric analysis were prepared by dissolving
4 uL of porphyrazine solution (<107 m in CH,Cl,) directly in 4 uL of
the matrix. 0.4 pL of this mixture was deposited on the probe tip and
allowed to evaporate. The “free-base” thioethyl porphyrazine 1,°2 its
nonsymmetrically H-substituted counterpart 2,8" and the Br-substituted
porphyrazines 328 are prepared according to previously described
procedures.7.78161]

2-(1-Pyrene)-3,7,8,12,13,17,18-heptakis(ethylthio)-5,10,15,20-
21H,23H-porphyrazine (PzPy): Brominated porphyrazine 3 (100 mg,
0.123 mmol) was dissolved in a dry DMF/toluene (2:3, v/v) mixture
(20 mL) heating at 100 °C under N,. Then, potassium carbonate
(136 mg, 0.984 mmol), tetrakis(triphenylphosphine) palladium(0)
(10% mol, 14.0 mg, 0.0123 mmol), and 1-pyrene boronic acid (121 mg,
0.492 mmol) were added in sequence and the mixture was heated at
reflux. The reaction was monitored by thin-layer chromatography and
stopped after 8 h. After cooling to room temperature water (30 mL) was
added and the solution was extracted with CHCl; (35 mL). The organic
fractions were collected, dried over anhydrous Na,SO,, and filtered.
After removal of the solvent under reduced pressure, the crude product
was purified by column chromatography on silica gel (hexane:CH,Cl,
6:4 v/v), recovering PzPy as a dark blue solid (Rf = 0.19, 45% yield).
TH-NMR (600 MHz, CDCl;) 8/ppm: =1.10 (s, 2H, N,-H); 0.51 (t, / = 7.4
Hz, 3H); 1.25 (t, ) = 7.4 Hz, 3H); 1.44 (t, ] = 7.4 Hz, 3H); 1.54 (t, /= 7.4
Hz, 3H); 1.58 (t,) = 7.4 Hz, 6H); 1.66 (t, ] = 7.4 Hz, 3H); 3.06 (dq, /= 12.5,
7.4 Hz, 1H); 3.20 (dq, J = 12.5, 7.4 Hz, 1H); 3.29 (dq, J = 12.5, 7.4 Hz,
1H); 3.33 (dq, J = 12.5, 7.4 Hz, TH); 3.91(dq, J = 7.4, 1.7 Hz, 2H); 4.13
(m, 6H); 4.29 (dq, J = 7.4, 2.6 Hz, 2H); 7.97 (d, ) = 9.0 Hz, 1H); 8.07 (t,
J=7.5Hz, 1H); 8.09 (d, / = 9.0 Hz, TH); 8.19 (d, J = 7.5 Hz, TH); 8.27
(d, ] =9.0 Hz, TH); 8.31 (d, ) = 9.0 Hz, TH); 8.32 (d, J = 7.5 Hz, TH); 8.51
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(d, ] =7.5 Hz, TH); 8.61 (d, ) = 7.5 Hz, 1H). 3C-NMR (125 MHz, CDCl3)
S/ppm: 14.13, 14.30, 15.10, 15.64, 15.70, 15.72, 15.79, 27.84, 27.88,
29.51, 29.53, 29.61, 29.67, 29.71, 124.35, 124.76, 124.82, 125.46, 125.60,
126.13, 126.26, 127.59, 127.92, 128.16, 128.97, 130.10, 131.00, 131.01,
131.46, 131.69, 135.43, 138.97, 140.42, 140.66, 140.86, 140.90, 142.64,
143.29, 146.09, 146.40, 147.85, 149.56, 149.66, 150.43, 151.39, 152.75.
MALDI-MS: m/z 935.31 [M+H]" (calcd. for C46H47NgS7, 935.20). UV-vis,
CH,Cly, Amp/nm (log €): 277 (4.33), 350 (4.63) Soret, 513 (4.11), 640
(4.29) and 709 (4.42) Q bands. FTIR (KBr pp,/cm™): 3290 (w, N H),
3040 (w), 2959 (m), 2923 (m), 2856 (m), 1641 (br, m), 1482 (m), 1437
(m), 1375 (w), 1066 (br, s), 799 (m), 744 (m), 700 (w), 691 (w).

PzPy Characterization: The "TH-NMR spectra at variable temperatures
were recorded with a spectrometer operating at 600 MHz. UV-vis
spectra were recorded in the 250-800 nm range by UV-vis—NIR O5E Cary
spectrophotometer in 1T cm path length quartz cells (the concentration
of the dispersions was =107 m in compound). The cyclic voltammetry
and differential pulse voltammetry experiments were performed with
an EG & G Princeton Applied Research Model 263A Potentiostat/
Galvanostat. Data were collected and analyzed by the Model 270
electrochemical analysis system software on a PC computerl'®? A
standard three-electrode arrangement was used. The working electrode
was a glassy carbon button (& =3 mm). A platinum wire served as a
counter electrode and a home-made AgCl/Ag electrode containing
saturated KCl was used as the reference electrode. All the oxidation and
reduction potentials were reported relative to the ferrocene/ferrocenium
(Fc/Fc*) potential scale, using the voltammetric oxidation of Fc as an
internal reference. The reproducibility of individual potential values was
within £5 mV. All the electrochemical measurements were carried out
using Schlenk techniques (N,) at room temperature. The concentration
of the supporting electrolyte [N (C4Hg-1)4BF 4] is typically of 0.15 m. Cyclic
voltammograms were recorded by scanning the potential at 200 mV s
DPV measurements were performed at 5 mV s with a pulse height of
50 mV and a pulse width of 50 ms.

Computational Method: The Gaussian 09, Revision D.01 software,[163]
was used for all the computations. The DFT using the M06 metahybrid
xc functionall’®l with the 6-311G(d,p) basis set as implemented in the
programl'®166l was used for geometry optimization and computation of
the Kohn—Sham orbital energies simulating the solvation effects by self-
consistent reaction field (SCRF) integral equation formalism polarizable
continuum model (IEFPCM) as implemented in the program.[05108]
Default gradient and displacement thresholds were used for the
geometry optimization convergence criteria. In calculations of PzPy it
was assumed that the thioethyl side chains conformation are similar
to that already found in similar heptakis-substituted porphyrazines.[3
All the reported geometries were relative minima of the molecular
potential energy surface (electronic energy in the Born-Oppenheimer
approximation), as confirmed by the analytical computation of the
Hessian matrix at the same level of approximation. The TDDFTI'67.168]
was applied for computing the excitation wavelengths, oscillator
strengths, and associated excited state composition in terms of
monoelectronic excitations between occupied and unoccupied Kohn—
Sham orbitals at the level of theory. The Gaussian 09 default approach
was used for these computations.'® The Kohn-Sham orbitals were
drawn using the program MolDen 4.9.'7% Molecular orbital isosurfaces
refer to wavefunction computed at 0.02 (e au™)'/2.

Nanohybrid Preparation: (1) PzPy/SWNT: SWNTs (Sigma SWNT:
carbon = 90%, >77% as SWCNT, 0.7 < d < 1.1 nm) were dispersed in
DMF to make three dispersions with different initial concentrations
(0.1, 0.2, and 0.4 mg mL™", respectively). The dispersions were
ultrasonicated for 1 h in ice water and then centrifuged at 1500 x g for
1 h. 1 mL of the supernatant of each dispersion was taken (named C;,
C,, and GC;, respectively). A PzPy solution in DMF with a concentration
of 0.03 mg mL™" (¢ = 3.21 x 107° m) was prepared (named P1).
Three PzPy/SWNT nanocomposites at different weight ratios were
prepared by mixing 3 mL of PzPy solution with 1 mL of C;, C;, and G,
respectively. The composites (named PC;, PC,, and PC;) were stirred
for 10 h and then sonicated 1 min before device fabrication. The three
solutions contained the same PzPy concentration of 0.0225 mg mL™
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(¢ =2.41 x 107 m). (2) PzPy/GNF: Graphene nanoflakes were produced
by liquid phase exfoliation of graphite.l'33 Graphite flakes (1 g) (Sigma
Aldrich) was dispersed in 100 mL of DMF and ultrasonicated (Branson
5800) for 6 h. The obtained dispersion was ultracentrifuged at 12 300 x g
(in a Beckman Coulter Optima XE-90 with an SW41Ti rotor) for 30 min at
15 °C, exploiting sedimentation-based separation to remove thick flakes
and unexfoliated graphite.'”"172 After the ultracentrifugation process,
we collected the supernatant by pipetting. Composites are prepared by
mixing graphene flakes with PzPy in DMF at different weight ratios and
stirring for 1 d. Three composites with PzPy/GNF weight ratios of 1:1,
3:4, and 3:7, respectively, were produced. The three solutions contained
the same PzPy concentration.

Nanohybrid Characterization: The SWNTs and GNFs dispersions
as well as the nanohybrids were characterized by optical absorption
spectroscopy in the range 300-800 nm with a Cary Varian 6000i UV—vis—
NIR spectrometer. The absorption spectra were acquired using a 1 mL
quartz glass cuvette. The solvent baseline is subtracted to the recorded
spectrum. Photoluminescence emission spectra of the nanohybrids
were recorded with a Horiba FluoroMax4 fluorimeter with excitation at
350 and 610 nm. Raman measurements were collected with a Renishaw
inVia confocal Raman microscope with excitation line of 532 nm
(2.33 eV) with a 50x objective lens and an incident power of =1 mW
on the samples. The GNF and SWNT dispersions were drop cast onto
Si/SiO, wafer (300 nm thermally grown SiO,, LDB Technologies Ltd.)
and dried under vacuum. 20 spectra were collected for each sample;
Lorentzian functions were used to fit the peaks. GNFs and SWNTs were
characterized morphologically by transmission electron microscopy
(operated at 100 kV, JOEL JEM 1011). The materials were dropped with
a pipette on holey carbon 200 mesh grids and dried under vacuum
overnight. Field-emission scanning electron microscopy was also
performed on samples drop cast onto Si wafer (Joel|]SM-7500FA).

Device Fabrication and Measurement: Interdigitated gold electrodes
were fabricated on Si/SiO, substrates by UV lithography with an SUSS
MicroTec M)B4 mask aligner. The lithography and development of the
positive photoresist were followed by thermal evaporation of chromium/
gold (thickness 9 nm/40 nm) and lift off. 20 uL PzPy or PzPy/GNF (weight
ratio of 1:1.3), 0.5 mg mL™" chlorobenzene dispersions or PzPy/SWNT
(weight ratio of 1:1.3), 0.5 mg mL™" DMF dispersion, were drop cast on
gold electrodes. Finally, the devices were annealed at 70 °C for 30 min
under inert atmosphere. Photodetection experiments were performed
under ambient conditions. Monochromatic light was obtained from a
xenon lamp coupled to a monochromator (Spectral Products CM110)
and brought to the sample with a system of lenses and mirrors in order
to illuminate the device area. In this condition, the spectral responsivity
was simply calculated as the ratio between the measured photocurrent
density and the optical input power density for each light wavelength.
Light power was measured using a calibrated Si photodiode (Thorlabs
S120VC). DC bias and current measure were provided by a Keithley 2612
sourcemeter. Light was modulated with a mechanical chopper, and AC
photocurrent was acquired using a current preamplifier (DL 1211) and
lock-in amplifier (Signal Recovery 7265). Spectral responsivity and IV
curves of the photodetectors were acquired at 857 Hz. The detection
limit of the measurement setup was equal to 1 nA.

Transient currents under chopped 1 Sun illumination (xenon light
source equipped with AM 1.5 G filters) were acquired with a sampling
period of 0.4 s and a light switching period of 5 s.
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